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Program Goal (Problem Studied):

Just prior to the time of inception of this project, the pre-existing DARPA Biocide program had
brought to light the utility that would be afforded by the existence of a versatile transport
modeling template. Thus, the goal of this program was to create a generalized active transport
modeling tool which could be adapted to a range of applications, including of course biocide
transport. The potential end applications are broad, and could range over active materials design,
vaccine development, fuel cell development, etc.

Program Summary:

A generalized modeling tool has been created that facilitates virtual design of active systems
utilizing nanoscale transport. The construct is bio-mimetic in that the stochastic nature of
biological transport proteins is utilized as the basis for transport phenomena. The transport
response is then coupled to host response (for instance, elastic deformation of the supporting
membrane) via finite element analysis. The advantages of this construct are (1) biological
transport phenomena tend to be more complex than engineered transport phenomena, and thus
encompass both scenarios, (2) utilizing the finite element coupling enables consideration of any
geometrical configuration, and (3) biological transport proteins could in fact be utilized directly
in the design of active materials with dial-in stimuli and response. One example case of smart
material design will be offered in some detail, but the range of possibilities is extraordinary. For
instance other possibilities include but are not limited to payload release of a neutralizing agent
in the presence of marker stimulus. An illustrative example of the burst scenario is therefore also
given some consideration in an example implementation.

The generalized approach employs the governing equation,

e active transport
osmotic diffusion P

NV eV wo d
E:KA( c;s;rs—p)+2vsa(ns)i 1)

where K is the permeability of the membrane supporting the transporters, A is the surface area
over which flux occurs, os is the osmotic reflection coefficient, zs is the osmotic pressure of
species S, p is the hydrostatic pressure difference generated by substrate/system elastic response,
V is the partial molal volume of species S, and d/dt(ns) is a combination of all of the flows in the
system. Multiple computational platforms are called upon for input to this governing equation.
The hydrostatic pressure p is established by the finite element analysis, while the flows and
osmotic pressure are determined from the solution of a stiff set simultaneous of equations, as
detailed below.

In order to utilize this construct for a given application, a modest level of baseline data from
literature or from experiment is required to calibrate the system (this data was not made available
for the biocide case). Once calibrated the model is able to project active response as a function of
time. In its current form the response trends are correct (in the “y-axis”); namely the shape of the
curve with respect to time is correct, as is the relative time for comparison among similar cases.



To demonstrate the versatility of the approach and as noted above, two example cases are
considered: Optimization of a novel active material utilizing biological transport proteins and
illustration of burst profiles for pharmaceutical applications.

Modeling Construct:

The basic biological transport protein types
considered are Exchangers, Cotransporters, Pumps,
and Channels. In nature these transporters penetrate
a lipid bilayer membrane as illustrated in Figure 1. **** wer e
Channels are passive transport structures that _

selectively allow certain ions to travel down their g e 1. Left to Right, Exchanger, Cotransporter,
electrochemical gradients. An ion pump is an Pump, and Channel in a bilayer membrane
active transporter that uses the biochemical fuel

ATP (adenosine triphosphate) to move selected ions against their electrochemical gradients. The
exchangers and cotransporters are secondary active transporters that use the energy from the
downhill movement of one species to move another species against its electrochemical gradients.

In nature these transport proteins are ADP
typically  found in  spherical Exchanger
configurations  (i.e., vesicles or
liposomes) as schematically
illustrated in Figure 2. In application
(especially engineering application)
the configuration may be planar (Fig
1), spherical (Fig 2), or arbitrary.
Figure 3 illustrates how the active AV
transport layer may be coupled to an
arbitrary  surface  shape and/or  gjjayer Membrane
substrate by utilizing finite element

analysis. This is accomplished by

employing a user defined subroutine

for fluid properties at the interface

within the finite element package Figure 2. Generalized Vesicle Schematic
ABAQUS.

Channel

Cotransporter

Model Components:
As noted above the governing equation for the material system is given as,

e active transport
osmotic diffusion P

N eV wo d
E:KA( c;s;rs—p)+2vsa(ns)i 1)

The input that feeds into this governing equation includes:
Membrane potential,
Membrane diffusion;
Transport protein activation; and
Elastic substrate response.



Each of these contributions is described in this Optional Elastic Substrate
section. \

Membrane Potential:

As illustrated in Figure 2 the membrane

supports the active transport proteins as well as

phase separates interior and exterior regions.

When the transporters are active, the differing

electrochemical state of these regions

establishes a potential difference v between the \
interior and exterior of the membrane,

Active Transport Surface

(2) Figure 3. Coupling Active Transport

V=V, -V, Layer to a Substrate

1 e

This potential can be approximated through the Hodgkin-Huxley model (Hodgkin, Huxley, and
Katz, 1952; Hodgkin and Huxley, 1952). This assumes the membrane is isopotential with evenly
distributed transporters across its surface. The number of transporters is assumed large enough
that overall behavior of the individual transporter gating events averages out and that each one of
the channels do not interact locally. The capacitance of the membrane is charged by ion flux and
the establishment of a diffuse double layer at each of

the membrane faces (Cevc, G, 1990). Extracellular Space T\l/l

Each type of ion that permeates the membrane is Vis Vi
represented by a resistor plus potential sources series % R, % Ry
connecting the intra and extra-cellular spaces (Figure C—=—= v
4). The resistance through the circuit is determined by
the instantaneous effective permeability of the
membrane which includes the effects of the channels,
pumps, exchangers, and cotransporters.

- Vs — Vx

Intracellular Space l

Using conservation of current principles, the current at

the intracellular node (1) is determined to be: Figure 4. The Membrane as Capacitance Circuit

dv .
':CEJFZ' 3

where C is the membrane capacitance and is a measurable material property. The capacitance of
most biological membranes is around 1 uF/cm? and ranges from 0.3 and 1.5 uF/cm? for the
black lipid membranes used in these studies. The actual value is dependent on the presence of
organic solvent in the phospholipid tails. (Ries, Choi, Blunck, Nezanilla, et al. 2004). The

membrane potential with respect to time may be determined by:
dv

1.
i o @



Membrane Electrodiffusion:

In addition to having a capacitive property, the membranes are permeable to small ions. To
account for this permeation, the Nernst-Planck equation (1D) may be employed. The In one
dimension form (linear), the flux for anion S is

J, =—uScS[RT alne, ¢ dq (5)
dx dx

where us is the mobility of ion S, ¢, is the concentration of ion S and is a function of the distance
x through the membrane, and ¢ is the electric potential. (Schultz, 1980; Disalvo, Tien, 1989,)
This theory of ion flux is commonly used in modeling ion channels and electrodiffusion.

This equation assumes that there is no convective flow, and that the flow is not affected by any
other forces or flows. Because determining the flow experimentally is extremely difficult, the
flow form is assumed to be based on an assumption about the membrane material such as
homogeneity. Therefore, the electric field and gradient of electric potential is assumed to be
constant across the membrane. In addition, the species concentration at the intra and extra
cellular surfaces is assumed to be a linear function of the species concentration in their
corresponding mediums. The linear coefficients (Bs) are assumed to be independent of the
species concentration. With these assumptions, the Nernst-Planck equation may be integrated
with respect to x to yield (Bonting de pont 1981,)

J __BuFy| T (6)

where v = ¢(x)- ¢(0) is the membrane potential. This equation is also known as the Goldman-
Hodgkin-Katz equation. A separate form of the GHK equation is required for each permeable
species in the system.

lon Pumps:
Each of the biological transport proteins may be modeled through determining the chemical

reaction rate of that protein. For ion pumps the reaction may be modeled through available ATP
free energy, membrane potential, and the equilibrium potentials of the transported ions. The
reaction occurring at the pumps is given by,

ATP + mS,” +nX .~ N ADP + P, +mS_* +nX )

where m S ions are moved out of the cell and n X ions are moved into the cell in a single cycle.
From this, the net current is given by (Endresen 1997)

ipump = kpump tanh(e[(_ nzy )\/+ NZyVy ]_AGATP j (8)
2kT

Koumo = (=125 )Med

pump



where Koump 1S @ measure of the maximum pump current in cycles/sec, e is the electron charge, v
is the membrane potential, zx is the valence charge of ion X, vx is the Nernst equilibrium
potential for ion X, k is Boltzmann’s constant, T is the absolute temperature, M is the number of
pumps, 4 is the net pump rate (cycles/sec), and AGarp is the free energy released by the
breakdown of ATP. The above expressions assume uniform behavior of the pumps across the
membrane. In this study proton pumps were used where X represents the proton density, and the
pump only transports one species outside of the membrane.

lon Channels:

lon channels are modeled per the Nernst-Planck equation, and employ stochastic methods to
predict the gating process. The channel gates are assumed to randomly switch between
completely open and completely closed states. The gating is influenced by concentration
gradients and the overall membrane potential along with a gating mechanism for each channel.
The current through these channels is determined by

i, = ksxsinh(zseg:(;VS)J 9

A
k, =2z.eu kT, /[S|[|S] —
«a

In these equations, x = x(t) is the probability of the channel remaining open. Zs is the valence
charge of the ion S, e is the charge of an individual electron, v is the potential determined by
equation 2, k is Boltzmann’s constant, T is the absolute temperature, us is the ion mobility
through the channel, and [S] is the concentraion of ion S inside and outside the inclusion, ns is
the number of moles of ion S in the inclusion at time t, A, is the effective pore area of the ion
channel, d is the total channel length, and eq is the effective pore length of the ion channel where
O<e<1.

The equations used assume that the area is a constant value of A, except for a short narrow pore
in the middle with an area A, significantly smaller than the channel area. The electric field is
also assumed to be constant everywhere inside the channel, and that the current is uniform
through the cross sections.

The Nernst equalibirum potential which represents the required membrane potential for the flux
of a given ion S to be zero is:

LU [S].
©oze [s]

S

(10)

The probability of a channel being open is determined by solving the differential equation for

X(t),

i (20




where ts is the ion channel relaxation time, which is the amount of time required for channel
transition between the open and closed state. For this equation, the energy difference between the
two states must be a function of the gating charge g and the difference in energy for both states.

AG =q(v, —V) (12)

H*/Sucrose Cotransporters:

In the model study, a specific cotransporter was considered, namely the SUT4 H+/Sucrose
Cotransporter. While a specific cotransporter has been selected because of the ready availability
of fitting parameters (from Sundaresan 2005), the construct is adaptable to any cotransport or
exchanger type. The reaction for the SUT4 cotransporters used in this study allows for the
cotransport of H+, Sucorse, and water. The reaction is:

H, +Suc, +n,H,0 <———H/ +Suc, +n, H,0, (13)

Through relating the forward and backwards reaction rates (o ) to the energy balance from
Mullins, Endresen’s methodology may be adapted to demonstrate that the current through the
cotransporter may be given by:

e(V_VH —Vsye — Ny VH20) (14)
2kT

Icotransporter = kcotransporter Slnh [

kcotransporter = 2 Neﬂ’\/[H " ]e [H " ]i [Suc]e [SUC]i [H ZO]ZW [H Zo]lnw

The subscripts ‘e’ and ‘i’ denote external and internal concentrations respectively. [H']
represents the proton concentrations, [Suc] represents the sucrose concentrations, N is the
number of cotransporters, A = o + f is the sum of the forward and backward reaction rates, and
ve,, and v, , are the sucrose and water potentials respectively, and they are used to simplify the

equations.

kT | [Suc]

e V0 Z 7 (15)

= Vv =
VSuc e [SUC]i H,0 F

In the expressions for the sucrose and water potentials, v . is the partial molal volume of the
water, 3"z, is the total osmotic pressure across the membrane, and F is the Faraday constant.

Both the sucrose and the water are neutral and thus the potentials have no physical significance.
All of these equations assume a rigid stoichiometry between the transported ions, and that either
ion can activate the transporter.

Coupling to Elastic Substrate:

In order to capture the response of an engineered actuator the coupling to the actuator system
was also required. A finite element methodology employing ABAQUS was employed for this
purpose. The constraint of the surrounding substrate material was captured via the Mooney-
Rivlin strain energy potential (ABAQUS, 2004).




U =Colit e 72+ 22 ar el 47+ 7 _3)+Di(36| 1y (16)

1

where U is defined as the strain energy potential of the system where Cyo, Co1, D1 are material
properties, and A represents deviatoric stretch in the principal directions. For these studies Cjp
and Cop; were set to values appropriate to a stiff polymer undergoing equibiaxial loading: 89.0 and
0.0 MPa, respectively. Further, the material is treated as nearly incompressible with D; set to
9.23E-4 MPa. Because thermal effects are ignored in this analysis, each of these values is treated
as a constant. In addition, yielding is not considered in this analysis but could be introduced by
replacing the Mooney-Rivlin approach with a strain hardening criterion.

The final output of the model combined ion and solvent flows determined the total solvent flux
through the membrane. The solvent flux is a combination of osmotic diffusion and stoichiometric
active transport (Su et al 2002).

s e active transport
osmotic diffusion

dv d
at = KA(ZO'S”S - p) +ZV5 a(ns )i 1)

where K is the permeability of the membrane and A is the surface area over which flux occurs.
os represents the osmotic reflection coefficient and 7 is the osmotic pressure of species S. P is
the hydrostatic pressure difference generated by ABAQUS. V is the partial molal volume of
species S, and d/dt(ns) is given by:

d (ns )i _ (_ mZSipump /(mZS - nzx )+ aZSiexchanger /(bzx - aZS )+ Icotransporter - iS - idiff ) (17)

dt Z;F

which is a combination of all of the flows in the system. Lastly, osmotic pressure in a non-ideal
solution is given by (Robinson; 1965):

_ RT vyW,

=7 1000 (st ~(msgi), ) (18)

s

where R is the ideal gas constant, T is the absolute temperature, V, is the partial molal volume of
the solution, W, is the molecular weight of the solution, and ms¢s is the molal concentration of
the solution multiplied by an experimentally determined osmotic coefficient. As before, i and e
denote the intracellular and extracellular spaces respectively.

Implementation:

In order to predict the effect of coupling an active "

bilayer membrane (BLM) with an engineered W/ F
inclusion, the commercial finite element package - \
ABAQUS Standard is employed. The polymer matrix —

is meshed using hybrid linear 3D tetrahedral L
continuum elements with the hyperelastic option

Figure 5. Inclusion Geometry Parameter



(C3D4H); an example meshed system is illustrated in Figure 3. The model is mirrored along all
the axes to produce a full spherical inclusion, and a node is generated at the middle of the
inclusion. This center node is then constricted and serves as the center for expansion. The active
membrane layer is created via hydrostatic fluid elements along the interior of the inclusion; this
is accomplished through modifications to the input file. The user-defined program uses DVODE
and DOPRI5 methods to solve the stiff matrix of simultaneous equations governing transport at
this surface. ABAQUS Standard then uses implicit integration methods to expand the inclusion
along a set volume range and determines the pressure generated by the polymer deformation.
This Pressure-Volume information is subsequently used to simulate pressure feedback with the
UFLUID code. For the example case this pressure response is determined for different inclusion
volume fractions, as measured by R/L (Figure 5). Figure 6 illustrates the resulting pressure
curves.

—RIL =080
—RIL =075
50 —RAL =090
—RIL =095

I
=3

Pressure (MPa)
()

20 A

10

Figure 6. Pressure-Volume Response for Varied R/L Ratios. The arrow
indicates the trend for increasing R/L ratio

This methodology allows for considerable customization for a variety of different applications.
Further, it could be argued that the advantage of using ABAQUS for this modeling construct has
more to do with its ability to impose a user-defined subroutine that solves a complex system of
simultaneous equations than the finite element functionality which effectively contributes only
one term (p) to the governing equation (Eq 1). Input files govern the properties of the inclusion,
and allow the user to control the time limitations of the simulation without modifying the core
program itself. This gives the program a degree of flexibility.



Example Implementation #1: Creation of a Tailored Active Material

Consider utilizing the example configuration of Figure 3
where a spherical inclusion is embedded in a host matrix. An
array of such inclusions could be selectively stimulated akin
to that illustrated in Figure 7. In order to effectively create
such a system the behavior of individual inclusions must first
be understood. Moreover, the behavior of these inclusions in
the context of ‘smart materials’ is required. The classic
parameters for this purpose are blocked force, free
displacement, and impedance matched work.

To assess these parameters for the engineered active material
the definitions are developed in accordance with Figure 8.

Figure 7. Array Deformation. Arrow
indicate ATP stimulation; Transport
favors stimulated inclusions

Blocked Force Calculations:

While introducing a boundary condition of zero displacement
along an edge in a finite element analysis is straight forward,
the resultant load at each point along that constrained surface varies with position. In application,
an array of these volume elements would experience a blocking force akin to having placed a
rigid plate across the blocked surfaces, where the value of interest is the total force required to
prevent the displacement of the rigid plate. Quite a number of approaches are available to
generate this parameter, with varying degrees of complexity and accuracy; here a rather simple
application of thin shelled pressure vessels analysis is adapted for estimating the blocked force.

To implement this approach, the inclusion is approximated as a spherical pressure vessel.
Balance of forces dictates that the hoop stress acting on the pressure vessel cross section must
balance the internal pressure, resulting in the classic derivation, o, = pr/2t . Employing the same

approach in the deformed blocked stress state, where the pressure vessel is now oblate, balance
of forces may be employed to infer the value of the blocked force required to sustain the blocked
configuration.

The values estimated for hoop stress via this method are checked against the free displacement

predictions for accuracy; the approach proves to be a reasonable approximation for the R/L cases

of 0.75, 0.90, and 0.95. The error associated with the approximation becomes large for the case

of R/L = 0.60 and this case will not lF
___________________________ A

be presented. 8

Because the dimensions of the model Free

are small, the resulting blocked force Displacement Blocked Force
values are also small. Thus to better
enable direct comparison between

these predictions and the behavior of
other active materials blocked stress Figure 8. lllustration of Free Displacement and Blocked Force as

e 2 measured with respect to the undeformed model. Blocked Force
(dIVIde by L ) results are presented. assumes load distribution analogous to that imposed with a rigid plate

-10-



Free Displacement:

The free displacement as illustrated in Figure 8 is easily determined from the finite element
analysis for each case. Because of the small size of the model the parameter is presented in terms
of free strain (divide by L) to enable comparison with other active materials.

Impedance Matched Work:
Impedance matched work is given as
F,0

8
or under the assumption of uniform material response it may be presented on a per unit volume
basis as
_ Ob€ free

W= (20)

free (19)

where o, is blocked stress and &, is free strain. The

expression for impedance matched work per unit volume )
should provide a reasonable means to anticipate this property
in the bulk material. In addition, as a means to enable better .:'
understanding of this active material, it is instructive to also
consider the work done by the inclusion. With Figure 9 as a
reference, this value of work will be calculated as

r. —r e -
(p | _ |
7 Figure 9. lllustration of Inclusion Work
W=~ 1/ (21)

where p is the peak internal pressure attained for each case, r; is the initial inclusion radius and r
is the final inclusion radius.

Predictions of active response will utilize the parameters detailed in Table 1.

Tailored Active Material Predictions

Transient Response:

When considering the transient description of inclusion peak volume and peak pressure (Figure
10), parameters of note are time to peak, time at peak, and relaxation time, which collectively
represent the time of the entire transient event. Experimental validation of this modeling
approach has demonstrated that the relative shapes of the transient response curves are
appropriate, but it is premature to claim high levels of accuracy on the absolute time
corresponding to each of these transient responses. Detailed consideration of the total time
elapsed for any aspect of response should focus relative performance improvements rather than
absolute prediction. Thus for the current state-of-the art, these sequentially occurring time zones
are loosely defined.

-11-



TABLE 1 - Initialized System Configuration for Experimentally Established Baseline
Parameters and Hypothetical Increased Performance Parameters

Increased
Parameter Notation Units Baseline Performance
Int. & ext. pH pH.=pHio 5 4
Int. & ext. Sucrose conc. [Suc]e=[Suc]io mM 1.0 5.0
Net Cotrans. Current per Nsura€Asuta: pA/(mM H).
transported species* (W] W™D (mM Suc) 65 650
Cotransporter H,O
Stiochiometry Ny 350 700
Membrane Capacitance C uF 0.105 0.105
Membrane Permeability K x10™ m°/Ns 1.65 1.65
Membrane Surface Area A x10” (um)® 1.57 1.57
Osmotic Reflection c 1 1
Max. lon Pump Current Kpump pA 65 65
Energy release from x107° J
ATP hydrolysis AGptp -1.0 -1.5
Membrane Potential Vo \ 0.0 0.0
Inclusion Volume Vv, x10™ (um?®) 5.18 5.18

*There is insufficient experimental data to isolate a maximum cotransporter current; alternatively the lumped
value summed over all system cotransporters with respect to transported species can be inferred from
experimental data.

Baseline Volume Expansion

5.65E-04

A

5.60E-04 -

5.55E-04

5.50E-04 -

5.45E-04 -

5.40E-04 -

Volume (um?)

5.35E-04 -
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Figure 10 — lllustration of transient values.
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Volume Response (Inclusion Only)

For the initialized baseline conditions detailed in Table 1, increased R/L ratios (reducing the
surrounding polymer volume) results in modestly increased peak volume and time at peak (Fig
11a). In addition, the final equilibrium volume is modestly increased for increased R/L. The

predicted time to peak remains unchanged for each case, while the entire transient event is
predicted to occur over ~0.1 seconds.

For the Increased Performance input parameters (Fig. 11b), the peak volume response is
dominated by the transport side of the reaction; the hyperelastic components have little effect.
Because of this a plateau effect is observed, with time to peak significantly faster in comparison
to the Baseline case (~ 0.0001 seconds). In addition, the peak itself is significantly increased.
After examining the files, it is determined that each simulation reaches the “plateau” at around
the same time, however each model continues to expand slowly until a certain point around
halfway through its plateau.

Volume (um™10)
o @ i

Pressure (Mpa)

Volume (um™107)

FIGURE 11 A-D - Pressure Volume results for Baseline and Optimized Case
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Pressure Response (Inclusion Only)

The pressure transient response is highly dependent on the geometry of the model. (Figs. 11c
and 11d). Higher R/L ratios display significantly reduced peak pressure while the time to peak is
modestly shorter for decreased R/L ratios.

For the Baseline input parameters the predicted peak pressure is reached more quickly than peak
volume (~0.0001 seconds), but the total event continues to occur over ~0.1 seconds. Thus, the

two peaks will coexist at some moment in time. The final equilibrium pressure is identical in all
cases.

For the Increased Performance parameters, the peak pressure for each R/L case is significantly
increased. In addition, the time to peak is improved (in excess of 0.0001 seconds) while the
entire transient event continues to occur within 0.1 seconds. Thus the peak pressure and volume

for the High Performance case not only coexist at some moment in time, but also overlap for
most of the transient event.

Linear Plot (Inclusion Only)

While the overall impact of changing the surrounding material may look minimal on a log plot, it
is helpful to view the results with respect to a linear time scale (Figure 12).

Volume Comparison for Optimized Case

7.65

&
= 6.65
< ——— .0.60
g 0.75
o - -.0.90
E
R 0.95
@]
>

5.65 |

5.15
-0.02 0.03 0.08 0.13 0.18

Time (seconds)

Figure 12 — Volume Expansion on a linear time scale

From this plot it is apparent that reducing the surrounding material has minimal impact on the
initial rapid expansion, however the rate at which the inclusion relaxes back towards its initial
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state is affected. From this we observe that the rate of volume decrease is directly dependent on
the difference between the osmotic gradient pressure and the pressure generated through
coupling the expansion with the surrounding material. The osmotic pressure quickly reaches a
constant value, and the deformation dependent pressure will gradually decrease down to a value
slightly above the osmotic constant pressure. With less surrounding polymer, this results in a
much lower deformation pressure which leads to a slower relaxation of the inclusion.

Considering Pressure and Volume Together (Inclusion Only)

The results illustrated in Figure 11 show that reducing the volume fraction of the surrounding
polymer (increasing R/L) has modest if any effect on peak volume, but peak pressure is
significantly influenced by geometry; lower R/L ratios result in increased pressure. Increased
pressure in the development of an actuator material is desirable, but intuitively, reducing the ratio
too far will result in negligible expansion of the actuator as a whole. Thus, akin to other active
materials there remains a trade off between blocked stress and free displacement that must be
identified.

One of the most promising observations revealed in comparing the predictions for the Baseline
versus the Increased Performance response of the inclusion, is that the total magnitude of free
strain and blocked stress, as well as the time response of the peak values may be manipulated.
Through this manipulation it may be possible to have an array of inclusions which will expand at
tailored rates in relation to each other.

Transporter Current Response

The predicted current flows generated by the biological transporters and the flux of water across
the membrane are illustrated in Figure 13. We note that due to the rapid establishment of the
membrane potential, the cotransporters are able to maintain the constant pH gradient while
pumping the water and sucrose into the inclusion faster than the fluid can diffuse out of the
inclusion. This constant pH gradient allows the electric currents from the pumps, diffusion, and
cotransporters to cancel each other.

The currents were examined at for two extremes in R/L ratios: .95 and .60. After comparing the
two cases, it was found that the difference between the two was minimal. While decreasing the
amount of surrounding polymer volume had an impact on the pressure-volume results, no
changes were observed in the current flow. The current flows operate independently of the
pressure and are functions only of the concentrations on either side of the membrane.

The Role of Membrane Permeability

Both the mechanical integrity and permeability of a naturally occurring BLM are insufficient for
the needs of engineered active materials. However, it has been demonstrated that the proteins
responsible for active response can be introduced into an artificial membrane, which introduces
the potential for control over these basic membrane properties (Sundaresan and Leo, 2006b). The
above study implicitly assumes that the mechanical integrity of the membrane matches (or is at
least supported by) that of the surrounding polymer. The role of this property is considered here.
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FIGURE 13 a-b — Baseline Transporter Currents

10

FIGURE 14A-B - Graphs of the pressure and volume results after varying the permeability of

the membrane

Studies of BLM permeability in a R/L = 0.50 Baseline case predict that the time at peak will

increase as permeability decreases, but little to no change in peak values is observed. Figure 14

illustrates the predicted effect of varying the permeability for the case of R/L = 0.90 where all

other properties continue to correspond with the Baseline input parameters. In this study the

baseline permeability of 1.65 x 10™° is varied by factors of 10, 107, 10° and 10*2

Increased permeability results in significant degradation of the inclusion response. However, the
peaks in pressure and volume increase modestly for decreased permeability, while the time at
peak is significantly increased (analogous to the results for the R/L = 0.50 case). The time to
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peak continues to correspond with the Baseline rate of ~.01 seconds) for all cases. Similar trends
are observed for the other geometries.

Based on these analyses, variation of BLM permeability may be used to tune the duration of the
total actuation event with negligible impact on the magnitude of response.

Blocked Force Results (Actuator Configuration)

Blocked force calculations were obtained for three different R/L ratios. The values needed were
determined through examining the stress results along the exposed edges of the finite element
model, while the radius and thickness of the inclusions were pre-determined. After gathering the
data for .75, .90, and .95 R/L values, the results were plotted. The values for .50 and .60 R/L
were discarded due to high amounts of error, as the stress along the shell varied too intensely due
to increased shell thickness.

Figure 15 illustrates that the peak
blocked stress developed displays
considerable variability with both
il o geometry and initial  system
—S—Dusaing / conditions. As expected, Increased
Performance input parameters result

B in increased blocked stress; in
st addition, blocked stress increases as
= R/L decreases. Consideration of
decreased permeability values results
in the same predicted magnitudes
already presented in Figure 15 (only
the time that they are sustained is

14
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FIGURE 15 — Blocked Pressure vs. R/L.
Free Displacement (Actuator Configuration)
The free displacement as illustrated in ,
Figure 16 is easily determined from Free Strain
the finite element analysis for each 0.14
case. Because of the small size of the
model the parameter is presented in 121 . . .
terms of free strain (divide by L) to 0.10 1
enable comparison with other active | c oos| |—*—ncreased Perfomance
materials. Figure 16 illustrates that the | = | | [T Baselre
free strain is relatively insensitive to
geometry for the cases considered 0041
here. As in the case of blocked 0.02 | ¢ ¢ ¢
pressure, decreased  permeability 0.00 ‘ ‘
values do not alter the magnitudes of 0.7 0.8 0.9 1
the predicted free strain. RIL

FIGURE 16 — Free Strain for fixed geometry and varied permeability

-17-



Impedance Matched Work (Actuator Configuration)

Using the results from the free displacement and blocked force studies, it is possible to determine
the total work performed at both the inner membrane and the outer surface. Using equations
from the modeling methodology section on impedance matched work, impedance matched work
was determined for both the increased performance and baseline case with varying R/L ratios
and differing membrane permeabilities.

Table 2 summarizes the impedance matched work predictions for the inclusion alone as well as
the volume element as a whole for varied permeability, geometry, and input parameters. The
mechanical properties of the surrounding polymer are held fixed in this analysis; ultimately this
parameter will also play in important role in material system design.

TABLE 2 - Impedance Matched Work for Varied Permeability, Geometry, and Input Parameters.

Permeability Impedance Matched Work (kJ/m°)

Increased Performance Parameters Baseline Input Parameters

10 Ko Model Inclusion Model Inclusion
0.75 48 712 2.6 35.9
0.9 113 480 10.8 24.7
0.95 246 359 17.8 18.3
102 K,

0.75 48 712 2.6 35.8
0.9 113 480 10.8 24.6
0.95 246 359 17.8 18.3
Ko

0.75 48 710 2.5 325
0.9 114 479 11.0 23.0
0.95 246 358 17.0 17.3
10% Ko

0.75 45 627 ~0 3.9
0.9 176 437 1.5 4.2
0.95 254 334 3.8 4.2

Plotting the increased performance and baseline cases for a standard permeability (Kg) with
respect to R/L yields two important plots which convey the effectiveness of reducing the
surrounding polymer.

In the previous section it is noted that the inclusion peak pressure increases as R/L decreases;
however, by intuitive arguments as R approaches zero, progressively decreasing R/L cannot be
representative of the optimum work available from the material. This argument is validated in the
predictions of Table 2.

Consider one case of Increased Performance input parameters (shaded region in Table 2). As R/L

decreases from 0.95 to 0.75 the work done by the inclusion nearly doubles. However, the reverse
trend is observed for the volume element as a whole. If an ad hoc definition of efficiency is
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imposed, this suggests that the efficiency for the R/L = 0.75 case is ~7% while the efficiency for
the R/L = 0.95 case is ~70%.

Impedance Matched Work - Increased Performance Case

800
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—=— Inclusion Work
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100 -
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Figure 17a — Plot of the work done by the membrane (inclusion work) vs amount of work transmitted to the
surroundings (system work) for the increased performance case. As the amount of surrounding material decreases
(RL increases), the percentage of work transmitted from the inclusion to the system increases.

Impedance Matched Work - Baseline Case
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Figure 17b — Plot of the work done by the membrane (inclusion work) vs amount of work transmitted to the
surroundings (system work) for the baseline case. As the amount of surrounding material decreases (RL increases),
the percentage of work transmitted from the inclusion to the system increases.
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In the earlier discussion of the effects of varied permeability, based exclusively on the reduced
active response with increased permeability, it might have been tempting to presume increased
permeability is always undesirable. However, for the High Performance input parameters,
increased permeability also increases the “efficiency.” Thus, it is conceivable that increased
permeability may be employed to tune both the magnitude and efficiency of response in the High
Performance regime. (The predictions do not suggest that the same would be true for Baseline
cases.)

Similarly, it is interesting to note that the efficiency of the response for Baseline input parameters
is generally higher than that of the Increased Performance parameters; in some instances the
efficiency is extraordinary, with a maximum of 98%.

It should be noted that the interpretation of efficiency addressed here should be approached with
caution. A more appropriate definition of efficiency will examine the chemical energy required to
stimulate the system. However, in the context of this report, which seeks primarily to define the
role of material system design, such as geometry, the mechanical-to-mechanical efficiency offers
appropriate insight.

While the impedance matched work is an important parameter, the rate of response is also of
significant importance in active materials applications. Because the final state of the inclusion
(species concentrations, etc.) has been significantly altered from its initialized state, this study
neither confirms nor dismisses the possibility of sustaining a deformed state indefinitely through
some controlled feed of ATP. Similarly, this study neither confirms nor dismisses the potential for
cyclic response in this novel class of materials. However, this effort does suggest that the initial
rate of response for the engineered material could be extraordinarily fast, while the deformed
state could be held for orders of magnitude longer.
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Example Implementation #2: Pharmaceutical Applications

All biological systems utilize various combinations of transport proteins penetrating a phase-
separating bilayer membrane. Because the modeling construct developed as part of this research
is generalized it could therefore be directly adapted to phenomena specific to the animal
kingdom. One particularly intriguing adaptation includes applying the modeling concept to the
creation of highly targeted drug or vaccine delivery. In this scenario the vesicle will contain a
species requiring delivery to a specific location within the body. The application emphasis thus
switches from repeatable expansion/contraction of an actuator to that of controlled burst to
release the payload as needed. While the discussions presented in this section are still
preliminary, the example applications are compelling. These include but are not limited to:

- Delivery of a chemotherapy drugs specifically at the site of a tumor, with no release of this
poison elsewhere in the body;

- Release of pain-mitigation or any repeat-need drugs as needed (this represents a significant
improvement over time release technology that inappropriately assumes some average rate
of need); and

- Delivery of DNA-based vaccines for anthrax, cancer, etc. with dramatically superior
effectiveness as compared to that of the current norm of protein-based vaccines.

The thought process underlying these applications is this - because transport protein based
inclusions exhibit an on-trigger response, the inclusions will be stimulated to expand only in the
presence of some predetermined trigger. In the tumor example, that trigger would be found only
at the location of the tumor. In the as-needed drug delivery, all inclusions would respond to
rising concentrations of some trigger. But if the inclusions were designed to burst at different
rates, then the first round of burst would neutralize the trigger preventing further drug release.
Similarly with the next round of release after the first round runs it course. In the case of vaccine
delivery, a natural pH driven process known as endocytosis tends to degrade the vaccine prior to
delivery at an appropriate intracellular location; in this case a quantifiable model projecting how
variations in the chemical state interior to the inclusion combat this process will enable release of
a fully functional payload. The following discussion and case study are still preliminary; the
intent is to establish basic suitability of the modeling construct for projecting performance of
drug/vaccine delivery strategies.

The Role of Endocytosis in Vaccine Delivery

The anthrax incidents in the Fall of 2001 underscored our current vulnerability to organized
assaults with biological weapons. The relatively small initial amount of anthax spores may have
exposed up to 30,000 people, resulting in 5 deaths. In a more organized assault with aerosol
form, the attack could be far more fatal.

While a vaccine for Anthrax was developed in 1970, this vaccine led to complaints of
reactogenicity among its users. Several new delivery systems for the vaccine are currently being
considered. One of the more promising techniques involves the intracellular delivery of peptides
via genetic fusion with anthrax tocin. The success of this strategy hinges on developing a better
understanding of the mechanism by which the vaccine reaches the cell nucleus, namely
endocytosis (Brey, 2005). Similarly, the current proposed method for developing viable a cancer
treatment involves introducing DNA based vaccines directly to the nucleus of affected cells.
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For all approaches the vaccine is absorbed into the %

appropriate white blood cells through the process © S >
of endocytosis. In this process the cell extends O w0
and surrounds the vaccine for intake; the vaccine
is then enclosed in an inclusion type known as an
endosome. With the foreign species safely
encased (similarly for a virus DNA or vaccine
DNA), this endosome is then transported to the
interior of the cell (Figure 18). While the
endosome provides a convenient mode of
transport for uptake, it also acts to destroy and
break down its contents before releasing it into the
cell through pH driving process. This natural
process protects us from many pathogens, but
serves as a barrier to successful DNA vaccine
delivery. The vaccine must have some mechanism
to release itself from the endosome before _ _
significant degradation occurs. Figure 18 — Endocytosis
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With the basic endocytosis process defined, consider next some details of how it occurs.
Endosomes are the natural inclusions formed at the outer cell surface which take in and absorb
material to be sorted and processed. During endocytosis, it has been observed that the inner pH
of the endosome rapidly acidifies to 5 + 0.2. (YYamashiro et al. 1983). As the endosome travels
down its channel, the internal pH will vary between 5-6 (Beaumelle, Hopkins, 1989). The
mechanism for this acidification has been found to be ATP powered proton pumps which supply
a constant influx of H+.

While much of the process is still unknown, it has been observed that endosomes themselves
lack a cohesive shape or structure. The endosomal compartments involved in intracellular
processing includes a very diverse collection of vesicular and tubular elements. The common
trait of these endosomes is that the acidic pH in endosomes plays a critical role in mediating the
orderly traffic of the receptors and ligands during the endocytosis process (Fuchs et al. 1988,
Bramwell et al. 2004). Moreover, it has been established that ATP proton pumps are responsible
for pH regulation, and that the small size of the endosomes enables the ATP pumps to maintain
the pH required for this natural process. (Fuchs et al. 1988).

The foregoing discussion draws attention to a number of critical obstacles faced in the successful
implementation of DNA-vaccine delivery that could be assessed via the nanoscale transport
modeling construct. These issues include: the variations in endosome geometry, the importance
of being able to quantify or even control the internal pH and rate of ATP proton pumping to
prevent vaccine degredation, and the role of membrane properties including permeability and
mechanical integrity. The following section offers a simple study on the role of geometry in
inclusion (endosome) burst.
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BURST PROFILES

In order to understand the role of geometry in burst, a number of inclusion sizes are considered
simultaneously. The inclusions are ideally triggered by an external source, causing them to
expand and eventually burst through gradually increasing surface area strain. The rate of release
would be important, as only the required amount of material should be released.

Simplifying Assumptions:

For this study, the surrounding solid material is modeled as a cube. For this preliminary study of
the applicability of the generalized modeling construct for the projection of pharmaceutical burst
profiles a completely spherical casing would be more physically accurate. However, burst is
projected per a maximum surface strain criterion which necessarily occurs at the thinnest region
of the solid cross-section, and is relatively insensitive to the existence of thicker regions.
Similarly, exact material burst properties are not available and thus the articificial membrane
material properties are employed; this would tend to impact the exact time at which burst is
predicted to occur, but the generalized trends will remain the same. The prediction times are
therefore normalized.

The burst rate study employs geometry ratios; to achieve this, the original model is modified to
incorporate a large range of different radii and distributions thereof, while maintaining the same
membrane thickness. By varying both inclusion size and distribution of inclusion size, average
time to burst is obtained through the area strain ratio. Projection of the burst profile required
monitoring the predicted inclusion volume with respect to time in the simultaneous solution of
equations; a specified burst strain of 1.2% is employed. This value is arbitrary but consistently
employed to explore trends. Results are reported in terms of the percent of inclusion contents
(volume) released for the total distribution of inclusions with respect to time (normalized with
respect to total time in the absence of experimental validation).

Implementation:

The time to burst for each model was determined through a program written in visual basic
embedded into Excel. This program is able to search through each of the space-delineated output
files created by the UFLUID program and determine when the specified area strain was reached
through comparing the initial volume to the current volume and calculating the strain from those
values. After this strain was reached, the program reports the current value of time and continues
onto the next model to check.

Table 3 — Burst prediction cases

; case 1 case 2 case 3 case4 caseb
radius(lO'8 m) [ %comp | %comp | %comp | %comp | Y%comp

8 0.25 0.11 0.10 0.00 0.00

9 0.25 0.11 0.20 0.50 0.00

10 0.25 0.11 0.30 0.40 0.00

11 0.25 0.11 0.00 0.10 0.00

12 0.00 0.11 0.00 0.00 0.00

13 0.00 0.11 0.05 0.00 0.00

14 0.00 0.11 0.05 0.00 0.10

15 0.00 0.11 0.20 0.00 0.40

16 0.00 0.11 0.20 0.10 0.50
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For the burst profile cases considered (Table 3), 9 different geometries were considered with
radii ranging from 8x10® m to 16x10® m. Each of these geometries was simulated through the
UFLUID under baseline conditions, with the conditions scaled by the new surface areas and
volumes for the different inclusions. The volume predictions from each of these simulations
were used to determine the length of time until the specified burst strain was reached. These
compositions were combined with the time to burst strain to create the burst prediction plot
below.

As these burst profiles demonstrate, inclusion geometry likely plays an important role in burst.
Smaller radii were observed to initially expand more rapidly than the larger radii with an initial
acceleration, but the overall increased performance of the larger inclusions rapidly overtook the
smaller inclusions expansion as time went on. Therefore, specified burst strain is of considerable
interest, because if a high value of strain is employed the larger inclusions will actually burst first.
If a low value of strain is considered, the opposite is true. Membrane thickness may also play a
large part in this study. The significance of this result is that considerable control over the release
profile of the enclosed species exists simply via varying the inclusion size. Other control
parameters include transporter density per unit surface area and concentration of ATP or similar
stimulus.

Burst Prediction Comparison
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Figure 19 — Compilation of burst profiles.
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Conclusions

A generalized modeling construct for active material systems based on nanoscale transport
phenomena has been created. The approach couples bio-mimicking transport phenomena to the
response of a host substrate. Application of the construct has been demonstrated in some detail
for an example case of virtual design of a novel smart material. Utilizing this approach opens the
opportunity to design novel active materials with dial-in stimulus, impedance matching
properties, response rate, and response efficiency.

An alternate example case exploring use of the approach for pharmaceutical applications has also
been offered. Even in the preliminary construct it becomes evident that the modeling construct
enables quantified understanding of how to more effective deliver drugs/vaccines. For instance,
manipulation of inclusion geometry alone offers a mechanism to control delivery of drugs on an
as-needed basis (as opposed to time release).

In general, the application range over which these examples span is intended to illustrate the

versatility of the generalized construct. The modeling system is therefore ready to be employed
to explore any number of specific applications in detail.
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